Electroporation creates transient openings in the cell membrane, allowing for intracellular delivery of diagnostic and therapeutic substances. The degree of cell membrane permeability during electroporation plays a key role in regulating the size of the delivery payload as well as the overall cell viability. A microfl uidic platform offers the ability to electroporate single cells with impedance detection of membrane permeabilization in a high-throughput, continuous-fl ow manner. We have developed a fl ow-based electroporation microdevice that automatically detects, electroporates, and monitors individual cells for changes in permeability and delivery. We are able to achieve the advantages of electrical monitoring of cell permeabilization, heretofore only achieved with trapped or static cells, while processing the cells in a continuous-fl ow environment. We demonstrate the analysis of membrane permeabilization on individual cells before and after electroporation in a continuous-fl ow environment, which dramatically increases throughput. We have confi rmed cell membrane permeabilization by electrically measuring the changes in cell impedance from electroporation and by optically measuring the intracellular delivery of a fl uorescent probe after systematically varying the electric fi eld strength and duration and correlating the pulse parameters to cell viability. We fi nd a dramatic change in cell impedance and propidium iodide (PI) uptake at a pulse strength threshold of 0.87 kV/cm applied for a duration of 1 ms or longer. The overall cell viability was found to vary in a dose dependent manner with lower viability observed with increasing electric fi eld strength and pulse duration. Cell viability was greater than 83% for all cases except for the most aggressive pulse condition (1 kV/cm for 5 ms), where the viability dropped to 67.1%. These studies can assist in determining critical permeabilization and molecular delivery parameters while preserving viability.
INTRODUCTION
The controlled introduction of foreign vectors and molecules into living cells has been a major focus in biomedical research and clinical medicine [1] [2] [3] . Intracellular delivery of biomolecules (e.g. nucleic acids and proteins) and therapeutics agents (e.g. siRNA-loaded nanoparticles) 4, 5 enables the study of basic cell functions and the transformation of cell phenotype and potentially genotype and enhances the understanding and screening for disease states. Non-viral approaches to cell transfection remain popular because of potential drawbacks associated with viralmediated delivery, including immunogenicity, cytotoxicity, limited space on a virus package, and possible mutagenesis/tumorigenesis 6, 7 . Among non-viral methods, electroporation is a widely used, eff ective, and highthroughput technique that is relatively low cost, easy to operate, safe, fast, and effi cient in transfecting many cell types 7, 8 . With the application of an electric pulse of appropriate strength and duration, transient, aqueous pores are induced through the cell membrane, permitting access and molecular delivery to the intracellular space. However, obtaining effi cient delivery without compromising cell viability requires the development of optimized electroporation protocols for each individual cell type and potentially each payload. Th ese protocols are effi cient for cell types with a large-enough cell sample to accommodate lower delivery effi ciency or viability, but for cell types having a limited cell number and/or an inhomogeneous cell population (i.e. non-immortalized or primary cells), protocol development becomes diffi cult. To address these concerns, we have previously quantitatively modeled and evaluated the moleculartransport phase of electroporation to rationally design electroporation protocols that are safer and more eff ective [9] [10] [11] [12] [13] [14] [15] [16] . However, diff erences in the sensitivity of diff erent cell types to electroporation remains a challenge.
Th erefore, by utilizing the advancements made in microfabrication techniques, we have sought to create a micro-electroporation platform that can electroporate fl owing cells on an individual-cell basis to provide an automated, reliable, and controllable approach for permeabilizing the cell membrane, allowing for effi cient intracellular transport of biomolecules while maximally preserving cell viability.
Single cell electroporation is typically performed in one of two regimes: static cell or continuous-fl ow. Static cell electroporation requires the immobilization of the targeted cell at a prescribed location, permitting repeated comprehensive monitoring of changes in the electrical characteristics of the same cell. Among the fi rst groups to demonstrate single cell electroporation, Ryttsén et al. mechanically positioned a cell between two electrodes with a micropipette 17 . Th e work by Rubinsky and colleagues later demonstrated the use of a three-layer microchannel to immobilize single cells via suction, within an opening between two conducting electrode plates. Th ey carried out electroporation and measured electrical current indicative of cell membrane permeabilization 18 . In 2004, Khine et al. reported the development of a 2-dimensional microchannel to trap and electroporate individual cells. In addition to the detection of a cell membrane-permeabilization threshold, they also reported evidence of cell membrane resealing 19, 20 . More recently, there has been an increasing interest in developing methods that electrically monitors the electroporation events. An example is the microdevice developed by Guo and Zhu, which dielectrophoretically traps single cells prior to electroporation and measurement 21 . Another example is the microdevice developed by Bürgel et al. that "shuttles" a cell back and forth between an electroporating and an impedance sensing electrode 22 . Th ese studies provide the foundation for conducting electroporation measurements at the single cell-level. However, one signifi cant drawback of immobilized cell studies is the inherent low throughput of the devices, which limits analysis to only a few cells at a time.
To improve throughput, a separate research direction has focused on the electroporation of cells in a continuous-fl ow environment. Th is approach is realized by fl owing cells across a pair of electrodes within an electroporation zone, where a prescribed electric fi eld is applied to permeabilize the traversing cells. Lu et al. implemented a saw-tooth electrode design parallel to the cell fl ow fi eld, which resulted in highly focused electric fi elds at the saw-tooth tips, allowing the electrical lysis of the passing cells 23 . Using a simpler design, Wang and Lu demonstrated the ability to amplify the electric fi eld strength by manipulating microchannel geometry. When an electric fi eld is applied across a geometric constriction, the fi eld strength increases, electroporating cells as they fl ow through the constriction. Th is allowed the study of cell swelling and rupture 24 . Another recent approach used a combination of large fl ow tubes with a small electrode needle array. Zhao et al. showed that by creating large channel space for cells to fl ow through, throughput of electroporation can be greatly enhanced; and by integrating a well-organized electroporating needle array in the fl ow tubes, uniform electric fi eld and low voltage applied to the passing cells produces effi cient transfection 25 . Although these devices electroporate cells in a high throughput manner, little is known about the individual cell state during the electroporation process. Analysis is typically through live-dead staining following cell collection or by tracking the delivery of a vector or molecular dye. Additionally, such devices oft en rely on empirically-obtained protocols specifi c to an individual cell type.
In this report, we aim to combine these approaches to take advantage of the precision single cell electrical measurements demonstrated through immobilized cell studies while electropermeabilizing a large number of cells in a continuous-fl ow environment. We have designed a microfl uidic device that operates automatically to detect the entrance of an individual cell into an electroporation zone with a high signal-to-noise ratio (SNR), and subsequently applies a user-defi ned electroporation pulse to the cell in transit. Cell membrane impedance is continuously monitored, and both optical and electrical measurements are conducted before and immediately aft er pulse application. By performing a parametric study of diff erent pulse strengths, measuring the percentage change in cell impedance in real-time, and assessing cell viability aft er collection, we demonstrate the device's ability to measure and alter cell membrane permeabilization in a continuous-fl ow fashion, and enable intracellular transport of small molecules.
RESULTS AND DISCUSSIONS
Operation principle and modeling Th e operation of the automatic-electroporation system starts with the perfusion of single cells through a microfl uidic-channel constriction (250 (L) μm × 25 (W) μm × 10 (D) μm), an active region consisting of both sensing and electroporation electrodes (300 μm inter-electrode spacing), hereaft er referred to as the electroporation zone (Fig. 1a) . Th e electroporation zone was designed as a microchannel constriction-based geometry 24 . It provides three distinctive advantages: (1) a large currentdisplacement signal for single cell detection; (2) a high cell-volume fraction which increases the impedance change SNR during permeabilization; and (3) geometric amplifi cation of the electroporation pulse to lower the input voltage requirement, thus avoiding unwanted eff ects such as Joule heating, and electrolysis. COMSOL simulation (COMSOL Multiphysics 4.2a, COMSOL) of the microchannel in Fig. 1b shows the amplifi cation of the electric fi eld as a function of channel length. When an electric potential of 12 volts is applied to the electrodes, a 0.45 kV/cm electric fi eld is measured at the constriction. Th e presence of a cell within the constriction further increases the local resistance, amplifying the electric fi eld to 0.7 kV/cm around the cell.
When the electroporation process is initiated, the sensor continuously monitors each cell's passage across the electroporation zone. Cell entry into the electroporation zone produces a sharp current drop in comparison to the buff er baseline due to the high impedance of the cell, which also serves as the basis for the well-known resistive-pulse sensing technique [26] [27] [28] . Once a cell has been identifi ed, a solid state switch is actuated to automatically apply an electroporation pulse with a predefi ned electric fi eld strength and duration via a customized signal processing program in LabVIEW (LabVIEW Professional Edition 2015, National Instruments) (Fig. 1c) . Immediately following the pulse application, the current is again monitored to record any post-pulse impedance changes from the cell prior to its departure from the electroporation zone.
To determine the optimal channel geometry and sensing frequency required to detect cell membrane permeabilization, a cell/electrolyte equivalent circuit was constructed to model the single-cell electricalimpedance response in a microfabricated fl ow cytometer. Th is circuit model was adapted from previous models 26, 29 to account for the dramatic increase in cell membrane conductance during electroporation. Th e model allows determination of the impedance of a cell suspended in buff er between a pair of electrodes as shown in Fig. 1d . V in is the excitation voltage input, C DL is the double layer capacitance, C mem is the capacitance of the cell membrane and R i is the cell's internal resistance. R m and C m are the resistance and capacitance of the extracellular media, respectively. To refl ect the overall impedance change as a result of cell membrane permeabilization by electroporation, a variable R mem was implemented in parallel to C mem . Lastly, G represents a pre-amplifi er that converts current into voltage for digital processing. Comparing the resultant impedance magnitude |Z| for a suspended cell before and aft er electroporation allowed us to determine the optimal frequency range in which to expect the largest change in impedance magnitude, Δ|Z|. By varying extracellular buff er conductivity and cell volume fraction, we found that a frequency range between 1 and 10 kHz provided the greatest sensitivity, i.e., largest Δ|Z|, for the experimental conditions ( Supplementary Fig. 1 ), which included a buff er conductivity of 100 μS/cm at a 5% cell volume fraction (Supplementary Fig. 2) . Th e formula and values for calculating the overall impedance change are reported in Supplementary Information S1.
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Automated cell detection and electroporation
Automated detection of single cells and immediate pulse application to each cell with a throughput of 1.3 cells/sec is demonstrated in Fig. 2 . Th e magnitude of the electrical current drop due to the cell's presence in the electroporation zone remains constant. An estimated cell-transit time of 250 ms provided an ample temporal window for electroporation and post-pulse impedance measurement. In this representative plot, the vertical red line depicts the application of a prescribed electroporation pulse, in this case a 1.05 kV/cm electric fi eld for 5.0 ms. A sharp rise in current is immediately observed aft er administering the pulse. Th is jump in current results from the increase in cell membrane conductance and is characteristic of the formation of pores as a result of electroporation-induced cell membrane permeabilization. Th is phenomena has previously been reported by other researchers using microfl uidic-based patch-clamping methods 18, 19 . As the cell departs from the channel constriction, the electrical signal returns to the buff er-solution baseline. Th is process repeats for each cell traversing through the electroporation zone. A SNR of 37 dB was measured for the single cell detection. The system maintained a 97% accuracy in detecting and pulsing each cell as compared to optical observations. Error was primarily attributed to the occasional tailgating of multiple cells, leading to multiple-pulse application to each cell in transit and an unreliable impedance measurement. In these experiments, a lower density cell suspension was used to decrease the likelihood of multiple cells entering the electroporation zone at the same time but this also decreased the cell throughput to 1.3 cells/s.
Cell membrane permeabilization analysis
By varying the strength and duration of the electroporation pulse, we demonstrate changes in the cell impedance that are characteristic of the degree of cell membrane permeabilization. As shown in Fig. 3 , the measured cell current responses for five representative cells are superimposed at the time of pulse application. When the electric fi eld was kept constant at 1.05 kV/cm while altering the pulse durations from 0 to 5.0 ms, a longer pulse duration creates a greater jump in current between the electrodes, indicating a higher degree of membrane permeabilization. A full characterization of the cell membrane response as a function of both electric fi eld strength and duration is shown in Fig. 4 . To account for cell-to-cell variations due to size diff erences, the change in the permeabilization current from the cell baseline (ΔI p ) was fi rst normalized by the total cell-current displacement (ΔI c ) and expressed as a percentage increase from the detected cell-current baseline. When plotted as a function of pulse duration, a strong dependency was found between the normalized permeabilization current (ΔI p /ΔI c ) and the pulse duration, for a given electric fi eld strength. A strong dependence on electric fi eld magnitude was also observed when diff erent strengths were applied for the same pulse duration. For electric fi elds ranging from 0.58 to 1.05 kV/cm, a rapid transition in the permeabilization signal occurring when the pulse duration reaches and exceeds 1.0 ms was observed, with the largest change occurring when the fi eld was 0.87 kV/cm and above. Th is electrical threshold for creating large, sustainable pores necessary for the intracellular delivery of therapeutic agents is consistent with numerous other observations during electroporation 10, [30] [31] [32] [33] [34] [35] . Since the system allows for continuous-fl ow and dynamic measurements of current, at least 100 cells were measured for each pulse condition, amounting to an analysis of over 2,500 individual cells. Th e impedance response due to the occurrence of multiple cells fl owing through the electroporation zone simultaneously was omitted from the analysis, as the result is not indicative of single cell membrane permeabilization.
Permeabilization validation -propidium iodide fl uorescence tracking Cell membrane permeabilization was also verifi ed optically by recording changes in fl uorescence intensity that occur upon binding of propidium iodide (PI) to intercellular nucleic acids. An optical camera was synchronized with the lock-in amplifi er sensor to capture a sequence of images within the electroporation zone of the pulsed cell immediately following each pulse application. Th ese images were then evaluated for fl uorescence intensity on an individual cell basis. Figure 5 plots the fl uorescence intensity of PI in a cell along with representative images of the cells as a function of both electric fi eld strength and pulse duration. Since electroporation is an inherently polar phenomena, only the membrane surface at the cell poles (perpendicular to the applied electric fi eld) becomes permeabilized once the transmembrane potential threshold is reached 30 . Th is transmembrane potential is further modulated by the natural membrane resting potential. Th us, the cell membrane closest to the positive electrode becomes hyperpolarized, resulting in a larger pore density compared to the side closest to the negative electrode. Further, since PI is positively charged, its delivery into the cell is enhanced by electrophoresis leading to the asymmetric delivery of propidium iodide into the hyperpolarized side of the cell. Larger pulse strengths and durations lead to greater cell membrane permeabilization, which in turn permit more PI entry through the porated cell membrane to bind with the nucleic acids in the cytoplasmic space, resulting in elevated fl uorescence intensity.
A higher pulsing threshold is needed to produce optically distinguishable fl uorescence intensities compared to the electrical measurements. This could be due to the greater sensitivity of the electrical system or that an electrical pulse that is suffi cient for porating the cell membrane to change the electrical impedance may not be suffi cient for delivery of PI. Optically, pulse durations longer than 1.0 ms were required to reliably correlate the degree of cell membrane permeabilization to the electrical parameters. For instance, in Fig. 5 , a signifi cant jump in fl uorescence intensity can be identifi ed aft er the 0.8 ms pulse duration for applied fi elds of 0.87 kV/cm and above, consistent with the electrical measurements of the permeabilization signal. Th is relationship is further verifi ed by plotting the electricalpermeabilization signal (ΔI p /ΔI c ) versus fl uorescence intensity for all pulse strengths and durations (Supplementary Fig. 3 ). Th ese data show a direct correlation between the amount of PI delivery and degree of membrane permeabilization, both of which are proportional to the electric-pulse parameters. Cell viability study Th e viability of single cells undergoing a prescribed electroporation treatment was also correlated with the electroporation-pulse parameters through 7AAD staining. Cells were recovered 20 minutes aft er being exposed to the electroporation pulse so that viable cells had time for membrane resealing. Histograms of 7AAD fl uorescence intensity within cells exposed to 0.70, 0.87 and 1.05 kV/cm electric field strengths are shown in Fig. 6a-c . Within each histogram, the distribution of cells treated with three different pulse durations (0.5, 1.0, and 5.0 ms) are compared with live cells perfused through the microchannel but receiving no pulse treatment (black curve on left) and dead cells with "leaky" membranes (purple curve on right). Th e data were fi tted with normal distributions to more clearly observe population shift s as the electrical parameters vary. A viability threshold (black vertical line in Fig. 6d-f) was determined for each of the cell populations by calculating the 95% confi dence lower bound of the mean fl uorescence intensity for the dead-cell population. Average 7AAD fl uorescence intensity and the corresponding viability values for cells from each of the electroporation pulse conditions are listed in Table 1 . Th e overall cell viability decreases monotonically with both increasing the electric fi eld strength and pulse duration.
We found that cell viability was greater than 83% for all cases except the combination of the highest electric field strength (1.05 kV/cm) and pulse duration (5 ms), which caused the greatest shift towards the distribution of the dead cells, and the calculated viability dropped to 67.1%. Th is is expected since the strong electroporation treatment was more likely to irreversibly damage the cell membrane, hindering resealing. Decreasing the pulse strength (i.e. blue curves in Fig. 6d-f) or duration (i.e. blue and red curves in Fig. 6d ) reduces the magnitude of the shift . All cells that underwent electroporation treatment at 0.7 or 0.87 kV/ cm retained a comparable fl uorescence to that of control live cells with calculated viability of 86% or higher, indicating complete resealing of the cell membrane within 20 minutes post-permeabilization. Th erefore, the stronger pulsing condition (1.05 kV/cm) was more likely to cause irreversible cell membrane damage leading to cell death, whereas cells treated with moderate conditions (0.7 and 0.87 kV/cm) likely recovered, showing a higher population viability. Combining these results with the membrane impedance response, it is worth noting that a fi eld strength of 0.87 kV/cm at a 1 ms duration results in a signifi cant increase in membrane permeabilization, while preserving cell viability when compared to live cells. Such a regime of electroporation is of great interest when performing intracellular drug delivery studies.
Conclusion
We demonstrate the eff ectiveness of a continuous-fl ow based microelectroporation system that automatically detects and electroporates single cells with high accuracy and monitors the cell membranes electrical response. Th e electroporation system was validated both optically for intracellular molecular delivery and via a short-term viability assessment.
Th is electroporation system demonstrated strong correlation of the degree of single cell membrane permeabilization to the applied electric fi elds in a continuous-fl ow environment, while permitting the collection and downstream processing of the treated cells. Cell membrane resealing has also been electrically observed in the course of our investigation. We are currently investigating its dynamic behavior and developing reliable means to control and enhance cell viability across various cell types, while improving the throughput of the system. Potential methods to increase the throughput of our system include: increasing cell density, device parallelization, or increasing the total number of electroporation zones, and increasing the operation speed of the automation soft ware, allowing for higher fl ow rates in the device. Validating our device with multiple cell types will demonstrate the robustness of our system and the overall feasibility for using such a device in a biological setting. Such controllable electroporation of individual cells carries the promise to maximize cell viability across diff erent cell types, providing an improved approach to the conventional empirical approach.
MATERIALS AND METHODS

Device fabrication
Th e device consists of a pair of planar electrodes on a glass substrate and a polydimethylsiloxane (PDMS) microchannel fabricated via soft lithography 14 . The silicon master mold with the device feature was fabricated using standard photolithographic procedures. Th e device main channel is 1 mm long, 150 μm wide, and 10 μm deep, incorporating a constriction with a dimension of 250 μm (L) × 25 μm (W) × 10 μm (D). Briefl y, a 10 : 1 mixture of PDMS polymer and hardening agent was poured onto the mold to create a negative replica and allowed to cure at 65°C overnight. Holes were punched in the PDMS to create access to the inlet channel (0.5 mm in diameter) and to the outlet reservoir (1.5 mm in diameter). Titanium/Platinum (Ti/Pt) planar electrodes were fabricated via a metal "lift -off " process. Traces for the electrodes were patterned lithographically on glass substrates, and recesses were etched with 10 : 1 buff ered hydrofl uoric acid for 1 minute to a depth of ~ 2000 Å. Th e metals were deposited via physical vapor deposition (KJL PVD75, Kurt J. Lesker Co.) followed by dissolution of the photoresist in acetone leaving behind the electrode traces. Th e resultant Ti/Pt electrodes were 50 μm in width, with a center-to-center spacing of 300 μm. Th is distance allowed for suffi cient cell transit time for electrical and optical analysis without compromising SNR quality. Th e surfaces of the PDMS and the glass substrate with patterned electrodes were treated under oxygen plasma at 100 W power, 250 sccm O 2 at 700 mTorr for 60 s (PX-250, March Instruments). Th e activated substrates were aligned using a stereo-microscope (SZ61 Binocular Stereo Zoom, Olympus) and irreversibly bonded. Copper wires were bonded to the planar electrode pads via conductive epoxy.
Experimental operation
Prior to each experiment, the microchannel was pre-treated with a 10% bovine serum albumin (BSA) solution at room temperature for one hour to prevent unwanted cell adhesion to the channel surfaces. Th e microchannel was then drained, and excess BSA solution was removed from the outlet reservoir and replaced with 10 μL of Dulbecco's modifi ed Eagle's medium (DMEM) media. A precision microfl uidic syringe pump (PicoPlus, Harvard Apparatus) was used to perfuse the cells at a fl ow rate of 0.1 μL/min, resulting in an average cell transit time of 250 ms across the microchannel constriction. Once a stable fl ow of single cells was established, the electroporation system was initiated upon user command. Five electric fi elds (0.44, 0.58, 0.70, 0.87, or 1.05 kV/cm, as measured at the cell) were investigated at fi ve pulse durations each (0.2, 0.8, 1.0, 3.0, or 5.0 ms) to impose diff erent degrees of cell membrane permeabilization. Cell culture and harvest NIH 3T3 mouse fibroblasts were cultured in DMEM supplemented with 10% v/v fetal bovine serum, 1% v/v penicillin-streptomycin, and 1% l-glutamine (Sigma-Aldrich, St. Louis, MO). Cells were cultured to 70% confl uency before being harvested for experiments. Th e harvested cells were suspended at a concentration of 3 million cells per mL in an iso-osmotic electroporation buff er consisting of 250 mM sucrose, 10 mM HEPES, and 0.4 mM of M g Cl 2 salt to provide a conductivity of 100 μS/cm [9] [10] [11] 14 .
Cell assays
Two cell assays were carried out to validate the electroporation system. During the fi rst assay, propidium iodide (PI) (P3566, Life Technologies), a cell membrane impermeant dye which fl uoresces upon binding to cytosolic nucleic acids, was added to the electroporation buff er at 100 μM fi nal concentration to optically signal membrane permeabilization. Th e electrical signal from a lock-in amplifi er (HF2LI Lock-in Amplifi er, Zurich Instruments) and the fl uorescence intensity of PI delivery were recorded for each individual cell. In the second assay, single cells underwent the same electroporation treatments without PI addition. Following each prescribed pulse treatment, approximately 2000 cells were collected over 20 minutes from the outlet reservoir for viability assessment. Th e collected cells were washed in 1× PBS buff er via centrifugation at 2000 RPM for 2 minutes, then incubated with 2 μM of 7-Aminoactinomycin D (7AAD) (7AAD, Th ermoFisher Scientifi c) on ice for 20 minutes to allow cell viability staining. Th e cells were then washed again in 1× PBS buff er prior to be imaged under a fl uorescence microscope. A semi-automated cell scanning and processing algorithm written in MATLAB (MATLAB R2012b, Mathworks) was used to process the fl uorescence intensity of the collected cells. Details regarding the assays, image acquisition, and processing have been described in our previous publication 14 .
Cell impedance-based monitoring and electroporation
Th e lock-in amplifi er was used to dynamically extract the signal and apply the electroporation pulse. A custom-built LabVIEW control algorithm was loaded onto the lock-in amplifi er's embedded system for real-time processing. As shown in Fig. 1c , one device electrode was connected with the lock-in amplifi er's waveform generator output via Lead I to deliver a sensing excitation signal of 1 V p-p , while the other electrode was connected to a low-noise current preamplifier input (HF2CA Current Preamplifi er, Zurich Instruments) via Lead II prior to passing the signal to the lock-in amplifi er sensor. A frequency of 1.224 kHz was chosen to provide both optimal cell detection via the derivative-based peak-detection algorithm and the most sensitive cell membrane permeabilization detection with the highest SNR. When a cell is detected within the electroporation zone, an electroporation pulse is instantly delivered by a function generator (33220A Waveform Generator, Agilent) through Lead I to the monitoring oscilloscope via Lead III. Th e pulse was programmed in the function generator and fed to a high-voltage amplifi er (Model 2350, TEGAM) to supply electric fi eld pulses ranging from 0.44 to 1.05 kV/cm with a duration between 0.2 and 5.0 ms. A CMOS switch (DF419DJ+ Analog Switch, Maxim Integrated) synchronized with the function generator was added in series with the lock-in amplifi er's preamplifi er input to prevent measurement artifacts from the electroporation pulse 36 . Th e pulse trigger signal was also split to the external trigger input of a microscope mounted CMOS camera (PowerView 1.4MP, TSI) to simultaneously capture images of PI entry into cells following each pulse. 
Th e impedance magnitude for an untreated cell is plotted as the black curve in Supplementary Fig. 1a and overlapped with the electroporated cell plotted in red. Change in impedance Δ|Z| as a result of varying R mem from an intact (high R mem ) to permeabilized cell membrane state (low R mem ) falls in a frequency region between 1 and 10 kHz. Th e corresponding experimental data is shown in Supplementary Fig. 1b . A frequency sweep (100 Hz to 100 kHz) performed on an individual cell suspended in 100 μS/cm buff er before and aft er electroporation demonstrates a comparable impedance change in the frequency range predicted by the model.
To determine factors infl uencing Δ|Z| following electroporation, we systematically varied the cell volume fraction and extracellular buff er conductivity at diff erent sweeping frequencies. Th e calculated result is shown as a contour map in Supplementary Fig. 2 . We determined that the largest Δ|Z| following electroporation is dictated by both cell volume fraction and buff er conductivity at a lower frequency spectrum. This map provided a set of initial parameters to implement the permeabilization detection system. By using a microconstriction channel to provide a cell volume-fraction of 5% and extracellular buff er conductivity at 100 μS/cm, a parameter which we previously reported to enhance electrophoretic transport of molecules into cell 9 , the greatest change in cell membrane permeabilization following electroporation can be found using frequency ranges from 1 to 10 kHz. the interdependent relationship between the two. Supplementary Fig. 3 shows a scatter plot of points with the normalized membrane permeabilization magnitude along the y-axis and the corresponding fl uorescence intensity for cells at that permeabilization state along the x-axis. Th e same symbols and colors used in Fig. 6 and Fig. 7 were used to diff erentiate the fi ve groups of electric fi eld strengths (symbols) and pulse duration (colors). Linear curve fi tting was applied for each of the fi ve electric fi eld strengths and marked by labeled dashed lines. A linear and dependent relationship exists between the degree of membrane pore opening and the amount of PI delivered inside the cell. A large degree of poration is marked by a higher ΔI p /ΔI c value, which corresponds to a greater extent of PI fl uorescence intensity measured inside the treated cells. 
